The paper presents results of a numerical analysis focused on an identification of mechanical properties of an element created using Fused Deposition Modelling additive manufacturing technique (FDM). There are presented a description of technology of the 3D printing, numerical model created by using finite element method (FEM), as well as some problems referred to estimation of the mechanical properties of the printout. The main point of the research was a study of relationship between properties of the rectangular infill structure (described in the micro scale) and the global values of selected mechanical properties of the part (described in macro scale). The numerical models of infill was created by applying the ABAQUS 6.12-1 software. The scope of the study involved tests performed in linear elastic limit of the material behaviour by applying uniaxial compressive load and two types of boundary conditions. Also, three alternative methods for identification of mechanical properties of the infill structures were presented. The results of the study of relationship between the density of infill structure and the Young's modulus of the printout were presented and discussed.
INTRODUCTION
3D printing is one of the techniques used for the direct conversion of a 3D numerical model (created using the CAD design technique) to its physical prototype. Initially, the 3D printing was used to create some physical visualizations of models. Currently, the 3D printing plays an increasing role in the prototype production and the small batch production. Apart from conventional processes such as milling, the 3D printing gives an opportunity for some rapid production of elements as well as for examination in terms of their functionality without the necessity to run some complex production facilities. Plastics are the main materials used for the 3D printing, e.g. especially popular are ABS (acrylonitrile-butadiene-styrene), PLA (Polylactic acid), nylon or Laywood (fabric, wood-like, composite wood and plastics). Less conventional materials are resins, rubbers, metals or even concrete [1÷3].
Technology of 3D printing
In contrast to traditional forming methods, the 3D printing is an additive manufacturing technology. The element is formed by adding the material without any shaping or removing it. Due to the use of different building materials and technologies, several printing techniques can be distinguished. Especially popular are stereolithography (SLA), fused deposition method (FDM), selective laser sintering (SLS) or MultiJet Modelling (MJM). The most commonly used method as well as the cheapest form of the printing (both in terms of the printer cost and the operation cost) is the FDM [4] . Layer by layer, the 3D model is produced by extruding small flattened strings of molten material. Printer nozzles heat the material to the molten point. The thermoplastic is heated into their glass transition temperature and is then formed by an extrusion head. Numerical controlled printer' head produces a layer of the prototype on the platform in the printout XY plane. Moreover, to prevent against the fall down of the non-supported material at some specific places, where the contour of the next layer goes significantly over the actual one, some support material is placed. When forming of a layer is completed, the platform is moved down (to one level in the vertical direction defined as Z).
Performed downward move of the platform corresponds to thickness of the produced single layer. After the performed downward moves, cycles are repeated to produce other layers of the product, until a whole element is created [5, 6] . According to the paper [1] , it could be interpreted that emerging 3D part has a form of a laminate of horizontal layers. In some more detail description, each of the considered layers (except of the initial and the final ones) consists of perimeters and an infill. Perimeters are made to get the most accurate shape of the external surfaces. The infill is introduced to stiff these surfaces. It is worth noticing that density of the infill, as well as height and a pattern of the printed layer can influence significantly the quality and the mechanical properties of this printed product.
Mechanical properties of 3D printouts
Basic mechanical properties of the 3D printouts such as the yield strength and the tensile strength or the compressive strength are given both by producers of formed materials and producers of the printers. Furthermore, mechanical properties are often presented only in one of the directions of formed material. In-between them, the highest value of tensile strength is frequently presented [3] . However, the 3D printout is an orthotropic material which mechanical properties depending on the printout orientation and its parameters [1, 7, 8] . In consequence, technological parameters such as the printout's orientation in space, temperature of the printer's nozzle, speed of the nozzle motion and density of the printout infill can influence the mechanical properties (as the strength, for example) of the whole product. In addition, some post-printing processes as thermal processing and ionising radiation are extra methods of increasing mechanical durability of a printed element [7, 9] .
Mechanical properties such as Young's modulus are calculated, according to the Hooke's law (on the assumption of the linear-elastic deformation):
where: σ -normal stress, ε -strain (relative deformation).
Normal stress can be defined in any intersection perpendicular to the axis of the tensile/compressive load. Supposing its uniform distribution, this stress can be calculated as:
where: P -tensile or compressive force, S -initial area of the cross section. According to [1, 7, 8] each of the 3D printout should be treated as orthotropic material (an orthotropic model), i.e. properties are dependent on the directions of the load. Mechanical properties are described by material constants: the Young's moduli, the Poisson's ratios and the shear moduli. They are calculated for the principal directions of the printing, i.e. the first and the second are parallel to the tracks of the printer's head (axes "1" and "2"), as well as the third is perpendicular to the printing layers (axis "3"). Material constants are used to compose the elasticity matrix describing the mechanical properties of the orthotropic material [10] : 
where: E 1 , E 2 , E 3 -Young's moduli referring to the principal directions, ν ij -Poisson's ratios referring to the principal directions (deformations in the j-th direction, with load imposed in the i-th direction), G 12 , G 31 , G 23 -shear moduli referring to the principal directions. According to the condition of matrix symmetry (3), the following relationships should be used [10] :
Finite element model of the printout
Literature analysis has shown that there is no unique way used to model 3D printouts, as well as skeletal systems [11] , which have similar geometry to them. Some variants of the modelling methods can be found in [1, 12÷14] where the considered printouts were treated as systems of singular trabeculars (beams) created by the printer's head. The paper [12] presents a numerical structure modelled as Timoshenko's beam that is subjected to numerical tensile load. Rigid elements were used to model the contact between the filaments. The paper states that the proposed type of the modelling can be used in the case when tensile load is set up along one of the axes parallel to the printout's plane.
The paper [14] proposes the structure of infill created by using 3D tetrahedron elements with the second order shape functions (C3D8). The results of numerical uniaxial compressive tests are agreed with the ones obtained through experiments. Deformations were correlated with physical experiments. The study points out that some disparity of 0.02% can be found between the deformations calculated by using finite element method (FEM) and deformations obtained through experimental tests in UTMs (Universal testing machines).
Some models created on the base of the theory of laminate were presented in [1, 13] . Authors have assumed that the considered 3D printout should be treated as a laminate structure. A set of layers have been put one by one and permanently connected [10] . Each singular layer of the printout was treated as a singular layer of the laminate. Every next layer was rotated by an angle of 90° in relation to the previous. Finally, layers were modelled as solid elements.
Analysing the literature referring to the mechanical properties identification of the printout structure, one can distinguish empirical, analytical and numerical approaches [15] . To model the 3D printout its mechanical properties can be treated as an isotropic model [16] or estimated by applying homogenization methods [17] . This last one requires to construct an implicit representation of an effective mesoscale geometry. This representation of mesoscale geometry and material of the printed structure should be homogenized into at macro scale by applying an integral equation formulated on the base of Green's function. It is also worth noting that printout structure can be also treated as porous material that demands to use method presented in [18, 19] .
GEOMETRICAL MODEL OF THE INFILL
The geometrical model of the infill of the printout was created by applying the Autodesk Inventor software [19] . The model consists of 12 layers. Each layer is composed of parallel filaments directed at the angle 90° with respect to the previous one (Fig. 1) . Every layer was obtained through a singular pass of the printer's nozzle. The height of the layer is 0.5 mm. The principal dimensions of the analysed model are: 6.35 mm (horizontal direction), 6.35 mm (transverse direction) and 5.86 mm (height) respectively (Tab. 1, Fig. 2) . The proposed geometrical model was a modified version of the previous one described in [14] : the number of layers is increased from 3 to 12 considered and the number of the filaments is decreased from 10 to 6. Additionally, in order to apply given boundary conditions, the external filaments located in the first and last layer were trimmed on the height of 0.02 mm.
According to the idea proposed in [14] , it was assumed that modelled material is homogeneous and isotropic (the Young's modulus equals 1517.85 MPa and the Poisson's ratio is 0.33) [1] . [10] ; b) applying encastre boundary conditions to the base of the model (U X = 0, U Y = 0, U Z = 0) (Fig. 4). 
Numerical model of a printout with boundary conditions of type B
Boundary conditions of type B were proposed to perform compressive load induced by the given force. To obtain the required displacement (U Z = 0.002 mm) a set of iterative calculations was performed and required force was estimated (F Z = 25 N). On the base of this value a pressure corresponding to this force was calculated. This pressure was applied to the surface of the model and the base the model was encastred (U X = 0, U Y = 0, U Z = 0) (Fig. 5). 
RESULTS OF NUMERICAL RESEARCHES

Estimations of the Young's Modulus
Results of numerical researches of 3D printout were obtained by using three methods described in the subsection 4.1.1÷4.1.3. The values of the Young's moduli E 1 , E 2 , E 3 corresponding to the mechanical properties of the infill were determined along three axes X, Y, Z respectively. Axes X and Y describes the printout plane. Axis Z is perpendicular to the printout plain. The Poisson's ratios are estimated to identify the relationship between the transverse deformation (along the axes X or Y) and the longitudinal one (along the axis Z). Values of the relative deformations were obtained for the boundary conditions of type B. Equation (4) 
Method first (method #1)
According to the first method, Young's modulus was estimated by applying boundary conditions of type A. Using the Equation (1) and maximum value of the calculated principal stress (Fig. 6 ), Young's modulus was estimated (it equals to 659.84 MPa). The average strain (relative linear deformation) was calculated as a ratio between the calculated compressive deformation and the nominal height of the model.
Method second (method #2)
According to the first method, Young's modulus was estimated by applying boundary conditions of type B. Using the Equations (1)÷(2) and maximum value of the calculated principal strain (Fig. 7) , Young's modulus was estimated (it equals to 618.52 MPa). 
NUMERICAL PRINTOUT MODEL
The numerical model of the infill was created with use of the ABAQUS 6.12-1 software [19] . The printout was subjected to uniaxial compressive loads. In order to calculate its mechanical properties, the Young's moduli and Poisson's ratios were calculated in each principal direction. Two types of boundary conditions were used to enforce the uniaxial compressive load (chapters 3.1 and 3.2). Finite elements of type C3D10 (the solid, tetrahedron with 10 nodes) were used to create the numerical model. According to [14] , the average size of a finite element was 0.3 mm (that allows to obtain a numerically stable model). The numerical model of the printout was composed of 102165 elements and 163897 nodes.
Numerical model of a printout with boundary conditions of type A
Boundary conditions of type A were proposed to perform compressive load induced by the given displacement. Boundary conditions 
Method third (method #3)
According to the third method, Young's moduli were estimated by applying boundary conditions of type A. Using the Equation (1) and maximum value of the calculated principal stress and maximum value of the calculated principal strain Young's modulus was estimated (it equals to 635.38 MPa). It is worth noticing that obtained value is similar to the previous ones.
Comparison of the obtained results
Applying compressive load along given directions and using the above described methods of Young's modulus estimation, three values of the Young's modulus E 1 , E 2 , E 3 and Poisson's ratios were estimated (Tab. 2, 3).
Simplified model
In this considered subsection, an alternative simplified model of the 3D printout structure was proposed. This model was created on the base of the following considerations. Focusing on the element printed by use of a 3D printer, one can notice that it consists of a great number of individual filaments rigidly connected. As a result, when a detailed numerical model is considered (i.e. the one that describes all details of all the filaments of the considered printout presented in the chapter 3), the complex model should be formulated. Numerical researches of this model require an enormous and extremely long calculation time. To reduce the time of calculation, a simplified model is proposed. It was assumed that mechanical properties of this simplified model are identical to those presented in the subsection 4.1 (for the method #2) and satisfied the Equation (4) . Obtained values was shown in Table 4 . This simplified model was modelled as a rectangular prism. Its shape is identical to the global shape of the considered infill. A volume of material of the simplified model equals 105 mm 3 . It is 56% less than in the accurate model (model presented in the section 2). The volume of material in the accurate model is 236,3 mm 3 . Mechanical properties of this prism are determined according to the idea of the proposed simplified model. The mechanical properties of the prism were shown in Table 2 . To perform numerical researches similar loads and boundary conditions were applied [14] .
To calculate relative error of deformation between proposed structures was used:
where x -displacement obtained in the simplified model, x 0 -displacement obtained in the accurate model.
In all of the performed tests, obtained relative error values are lower than 0.02% for the vertical direction (direction perpendicular to the printout plain) and 2.56% for the transverse direction (parallel to the printout plain).
Relationship between the infill density and Young's modulus
It was assumed that there is a straightforward relationship between the density of the infill and the Young's modulus of the element. To verify this assumption, the impact of the infill density on the value of the Young's modulus was investigated numerically by applying the method #2 (see the subsection 4.1.2). Calculations were performed for the geometrical model consisted of 12 layers (Fig. 1) by changing distances measured between the neighbour filaments of the printout (distances x and y are given in Figure 2 ). Calculated variation of the infill density is shown in Figure 9 . 
CONCLUSIONS
The scope of the study involed: estimations of the Young's modulus, presented the simplified model and term relationship between the infill density and the Young's modulus.
Values of the Young's modulus were obtained by using third methods estimations and performing numerical simulations. On the base of the obtained results we concluded that the assumed boundary conditions have significant impact on obtained results. It is worth noticing that variability calculated in the direction placed perpendicular to the printout plain is relatively small. Moreover, values of the Young's modulus are more variable in directions that are parallel to the printout plain.
We stated that proposed simplified model is numerically effective. The values of the displacements obtained for the simplified model were comparable to these calculated for the accurate model. The relative error was less than 0.1% for the displacements perpendicular to the printout plain. However, for the transverse direction, this error was higher, it equals 2.5%. The most important advantage of the simplified model is the decreasing number of the calculations that need to be performed. It was also clarified that when a complex model with a higher number of filaments is considered, that it is almost impossible to calculate it without specialised computer having high power capacity.
The infill density has a significant impact on the value of the Young's modulus. This relationship is not linear, especially in the range of infill density 30% to 70%.
The future development of the study will involve: a) estimation of the influence of the number of layers on the numerical stability of the FEM model, b) experimental verification of the presented numerical model.
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